Quantum mechanical calculations of three-dimensional dissociative HeϩH 2 collisions are made using an infinite-order-sudden approximation. Vibrational and dissociative motions are treated accurately in the direct numerical method of Sakimoto and Onda ͓J. Chem. Phys. 100, 1171 ͑1994͔͒. The dissociation cross sections for all the initial vibrational states (vϭ0-14͒ are presented at the total energy Eϭ8 eV. The dissociation cross section becomes much larger for higher v. The dissociation mechanism is different depending on the collision configuration. Two modes of dissociation are found to be important: The dissociation occurs ͑1͒ through the compressive action on the vibrational motion of H 2 and ͑2͒ through the expansive action on the vibrational motion.
I. INTRODUCTION
Many quantum mechanical calculations have been made to study energy transfer in molecular collisions. Most of these studies have treated the vibrational excitation/deexcitation processes of molecules in a few lowest vibrational states. However, in high temperature gases, molecules lie in very high vibrational states, and also dissociate by collisions. 1 In spite of the importance, energy transfer concerning high vibrational states and collision induced dissociation ͑CID͒ have not been studied extensively so far. Several authors have tried to make quantum mechanical calculations for the CID process in atom-diatom collisions. However, most of these studies have assumed a collinear type collision configuration. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Because the study of such a configuration cannot provide a full understanding of the CID dynamics, developing a quantum mechanical threedimensional ͑3D͒ calculation of CID is highly desirable.
Recently, Onda 14 calculated the vibrational excitation/ de-excitation processes of molecules in high vibrational states by treating the rotational degrees of freedom in an infinite-order-sudden ͑IOS͒ approximation 15 and the vibrational degree of freedom in a close-coupling ͑CC͒ method. He investigated the effect of dissociation channel on the vibrational excitation/de-excitation processes. To describe the dissociation channel, he discretized the dissociative continuum by introducing a L 2 basis set. Onda found that a number of dissociation channels should be taken into account to obtain the converged cross sections even though the collision energies were below the dissociation threshold. In our previous studies, 16, 17 we carried out the same vibrational CC calculation for the CID in HeϩH 2 by assuming a T-shape collision configuration. The vibrational CC method required a time consuming calculation to obtain accurate dissociation probabilities especially at high collision energies or for high vibrational states. This suggests that the vibrational CC method is impractical for the 3D calculation of CID.
Very recently, Pan and Bowman 18 made a quantum mechanical calculation of the CID in ArϩHCO using the vibrational CC method and the IOS approximation. The vibrational CC method seems to work well in their calculations. They found that the CID occurs dominantly through the mechanism that the molecule HCO is excited to quasibound vibrational ͑resonance͒ states by collisions. Since the quasibound wave function can be considered localized, the L 2 basis works well in ArϩHCO. In atom-diatom collisions, however, the direct dissociation is much more important than the dissociation via resonance states. As mentioned previously, the vibrational CC method is impracticable for the direct dissociation process. Therefore, we need a more useful method to make 3D calculations of atom-diatom CID processes.
To study the CID process in collinear collisions, Sakimoto and Onda developed a powerful direct numerical method, 11 in which the time-independent Schrödinger equation was solved directly in hyperspherical coordinates. In our previous paper 19 ͑hereafter referred to as paper I͒, we applied the direct numerical method of Sakimoto and Onda to the CID in HeϩH 2 for three collision configurations. We found that this method is much more efficient than the vibrational CC one. This suggests the applicability of the direct numerical method to the 3D calculation. In the present paper, we employ the direct numerical method to study the CID process in 3D HeϩH 2 collisions.
Making accurate quantum mechanical 3D calculations of CID is still beyond the present computer capability. In the present paper, we treat the rotational degrees of freedom in the IOS approximation. 15 However, the vibration and also the dissociation motions are treated accurately. For a collision system which has rearrangement channels, the IOS approximation is faced with a problem of matching centrifugal potential energies. Here, we have no such problem because the present HeϩH 2 system has no rearrangement channel. No one has argued regarding validity of the IOS approximation for the CID process. This should be examined carefully in the future. In the present case, the interaction between He and H 2 is a short-range repulsive force, and the translational energy is mostly very high compared with the rotational energy spacing of H 2 . Therefore, we believe that the IOS approximation works well in the present calculation.
II. THEORY

A. IOS approximation
To describe He ϩ H 2 collisions, we introduce Jacobi coordinates RЈ and rЈ, which are the intermolecular position vector between He and the center-of-mass of H 2 , and the internuclear position vector of H 2 , respectively. We further define mass-scaled coordinates as
rЈ, ͑1͒
where M and m are the masses of He and H, respectively. Using these mass-scaled coordinates, the Schrödinger equation of the present system is given by
where ϭͱMm 2 /(M ϩ2m); ␥ is the molecular orientation angle r relative to R; l and j are the orbital and the rotational angular momentum operators, respectively; and E is the total energy measured from the bottom of the H 2 potential well. In this work, we employ the potential energy surface V(R,r,␥) obtained by the ab initio calculation of Varandas and Brandão. 20 ͑We consider only the electronically ground state.͒ Figure 1 shows a contour plot of the PES as a function of the position of He at rЈϭ4.08 bohr. A representative internuclear distance rЈ͑ϭ4.08 bohr͒ was chosen, which corresponds to an outer classical turning point of the vibrational motion in a state of vϭ11.
We employ the IOS approximation, in which the operators l 2 and j 2 are replaced by the C-numbers l(lϩ1)ប 2 and j( jϩ1)ប 2 , respectively. We take l to be the initial orbital angular momentum quantum number, and j to be zero. Since we present the cross sections summed over all the final rotational states, the results are independent of the initial rotational states. In the IOS approximation, the molecular orientation angle ␥ becomes a fixed parameter, and the scattering problem is reduced to a two-dimensional one with respect to r and R. In the following, therefore we introduce the IOS wavefunction as IOS ⌿ l (R,r;␥).
B. Direct numerical method
When dissociation occurs, the motions along R and r are both unbound. However, if we employ hyperspherical coordinates defined by ϭͱR 2 ϩr 2 and ϭtan Ϫ1 (r/R), the motion along always becomes bound. For this reason, the hyperspherical coordinate system has a great advantage in the study of CID. [7] [8] [9] [10] [11] [12] [13] 16, 17, 19 Using hyperspherical coordinates and representing the total wave function in the form
where
The two-dimensional equation similar to Eq. ͑3͒ has been solved in paper I by using the direct numerical method of Sakimoto and Onda. 11 Since the difference between Eq. ͑3͒ and the one in paper I is only the centrifugal potential term Ϫl(lϩ1)/cos 2 , we can also apply the same method to the present case straightforwardly.
In the direct numerical method, the Schrödinger equation is solved directly on a grid of points in configuration space (,) by means of the discrete variable representation ͑DVR͒ method. 21, 22 Chevyshev polynomials of the second kind are selected as the DVR basis function in the coordinate. The scattering wave function is solved from ϭ0 bohr to some large distance using the three point finite difference algorithm. Since the coupling comes from only the kinetic energy operators, no need is made at all to prepare the potential coupling matrix elements. This drastically saves computer memory and computation time.
C. Scattering boundary condition
For the collision system that has no rearrangement channel, the asymptotic form of the wave function can be given in Jacobi coordinates without any ambiguity. We define the asymptotic region RуR b where the potential energy surface, V(R,r,␥), becomes independent of R and ␥. In the asymptotic region, the wave function can be written as 
Here, v (r) and ⑀ (r) are the bound and the continuum vibrational eigenfunctions of H 2 , respectively, and v(ϭ0 -14) and ⑀ are the vibrational quantum number and eigenenergy of the dissociative continuum state, respectively. The wave numbers k v and k ⑀ are given in a usual way. The coefficients in Eq. ͑5͒ S v Ј ,v and S ⑀,v are the S matrix elements.
In the present numerical scheme, Eq. ͑3͒ is solved from ϭ0 bohr to ϭ b . ͑See Fig. 2 .͒ If we can match the numerical solution of Eq. ͑3͒ to the form Eq. ͑5͒, we can actually obtain the S-matrix elements. To impose the boundary condition on the numerical solution at ϭ b , we must know the asymptotic form also at RϽR b . However, form ͑5͒ is evidently inappropriate there. In paper I, an approximation method was introduced to avoid this problem. This method is numerically efficient, and is sufficiently accurate for most purposes. Here, we follow paper I.
We choose some boundary point ( b , b ), and introduce an infinite wall as shown in Fig. 2 . ͑A reasonable choice of b will be given later.͒ We assume that any atom cannot enter the domain of rуr b (ϭ b sin b ) and R уR b (ϭ b cos b ). This also means that the dissociation motion of H 2 is bound ͑0рrрr b ) at RуR b , and the motion along R is bound (0рRрR b ) at rуr b . Under this assumption, we can match the numerical solution to the following boundary from
D. Dissociation cross section
Using the S-matrix elements S v Ј ,v l given in Eq. ͑6a͒, we can define the state-to-state (vЈ←v) vibrational transition probability by
where 0рv,vЈр14. Noticing relation ͑7͒, the dissociation probability for the vibrational state v is defined as
where the sum in the right hand side is taken over all the bound states. We define the ␥-dependent dissociation cross section by
It is noted that the channel wave number k v Ј is different from those in Eqs. ͑5͒ and ͑6a͒ but defined by
where Ј(ϭ2Mm/(M ϩ2m)) is the atom-diatom reduced mass and v is the vibrational eigenenergy of H 2 . Then, the dissociation cross section can be given by
E. Numerical calculations
In the calculation, spherical Bessel and Spherical Neumann functions have been actually used instead of the exponential functions in ͑6a͒. Therefore, b ϭ10 bohr is sufficient For very high vibrational states, since a huge number of partial waves l contribute to the dissociation, the calculation requires much more computation time. Therefore, the calculation is made only at Eϭ8 eV. In the following paper, we will discuss the energy dependence of the dissociation cross section for some lower vibrational states.
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III. RESULTS AND DISCUSSION
A. Dissociation probability Figures 3, 4 , and 5 show the dissociation probabilities as a function of l for ␥ϭ0 ͑collinear͒, 50 and 90 ͑T-shape͒ deg, respectively. These three cases show quite different features. ͑i͒ When ␥ϭ0 and 50 deg, the dissociation probabilities for low vՇ9 are negligible. However, when ␥ϭ90 deg, the probabilities for all v have finite values at least at lower l. ͑ii͒ For vտ 10, higher partial waves contribute to the dissociation at smaller ␥. ͑iii͒ When ␥ϭ0 deg, the dissociation is suppressed strongly at lՇ30 ͑except for vϭ14), and a maximum peak appears at lϳ75. ͑iv͒ When ␥ϭ50 deg, the probability curves have broad humps at high l. ͑v͒ When ␥ϭ90 deg, the probabilities globally decrease with increasing l, and show undulations for high v. To understand these features, let us note that the collision impulse is classified into two types in the present case; one is a compression mode that the impulse works to compress the diatom ͑H-H͒, and another is an expansion mode that the impulse works to expand the diatom. This classification has a meaning in the present case because the interaction of He-H is a short range repulsive force. As expected in Fig.  1 , the compression mode is typical in collisions at small ␥(ϳ0 deg͒, and the expansion mode is so at large ␥(ϳ90 deg͒. In the middle case of ␥ϳ45 deg, the relative importance of the two modes depends on the orbital angular momentum l. For low l, the expansion mode has a large effect on the dynamics because a close encounter is possible. However, for high l only the compression mode is present.
When v is very high (տ10), the molecule can easily dissociate through either of the two modes, and hence the dissociation probabilities have finite values at all ␥. Figure 1 shows that the interaction range is longer for smaller ␥. Accordingly, for vտ10 higher partial waves contribute to the dissociation as ␥ decreases.
When vՇ9, the dissociation can occur at ␥ϭ90 deg, but rarely occurs at ␥ϭ0 deg. This fact suggests that the compression mode is inefficient in the dissociation for low v. In paper I, we calculated the dissociation probabilities for lϭ0 at ␥ϭ0, 45, and 90 deg, and showed that the mass effect is a key point to understand the inefficiency of the dissociation for low v at ␥ϭ0. Because the He mass is heavier than the H mass, at ␥ϭ0 deg the He atom has a chance of colliding again with the recoiling H 2 , i.e., multiple collisions. When the multiple collisions take place, the dissociation probabilities become very small. We expect that the multiple collisions are still significant for finite but low l and become negligible for very high l. For low v, because only low partial waves contribute to the dissociation, the probability becomes always negligibly small at ␥ϭ0 deg. Also for high v, the suppression of the dissociation occurs at ␥ϭ0 deg when l is low. These effects are due to the multiple collisions. As shown in paper I, the multiple collisions are absent for lϭ0 at ␥ϭ90 deg. No suppression is seen in the dissociation also for all the partial waves at ␥ϭ90 deg. We may expect that the multiple collisions do not occur in the expansion mode. Thus, owing to the presence of the multiple collisions, the compression mode becomes inefficient in the dissociation when l is small.
At ␥ϭ50 deg, the dissociation mechanism is different depending on l. For lower partial waves, the expansion mode can make a large contribution to the dissociation. Hence, the dissociation probabilities for vу11 take finite values unlike in the case of ␥ϭ0 deg. At higher partial waves, the expansion mode becomes negligible and the compression mode becomes more important. As a result, the broad humps appear at lϳ50 for vϭ11, lϳ60 for vϭ12, lϳ80 for vϭ13, and lϳ95 for vϭ14.
Nobusada et al. have shown in the calculation for the same HeϩH 2 system (␥ϭ90 deg and lϭ0) that the interference of two classical trajectories produces undulations in the energy dependence of the dissociation probability. 17 The undulation structure seen in Fig. 5 is also regarded as the same interference effect. In the present case, we observe the interference effect by fixing the energy E but varying the orbital angular momentum l. Figure 6 shows the ␥ dependent dissociation cross section define by Eq. ͑10͒. For vϭ11-14, the cross sections always have non-negligible values over the entire range of ␥, and we can conclude that the dissociation occurs in any molecular orientation. These cross sections become minimal at ␥ϳ50 deg and thereby have a bimodal structure. As mentioned in the previous subsection, the dissociation occurs dominantly through the compression mode at smaller ␥ and also through the expansion one at larger ␥. At ␥ϳ50 deg, probably the absolute value of the impulse along r becomes minimum, and both the expansion and compression modes will not be so effective for the dissociation. For vϭ11-14, the cross sections at ␥ϭ0 -40 deg are larger than those at ␥ϭ60-90 deg. This is because higher partial waves contribute to the dissociation at smaller ␥.
B. ␥ dependent dissociation cross section
Because of the multiple collisions, the cross sections for vՇ9 are negligibly small at ␥ϭ0 -50 deg. In the present system, the dissociation for these vibrational states occurs only at 50Ͻ␥Ͻ90 deg through the expansion mode. The multiple collisions are absent in an equal mass system such as 3 HeϩT 2 . 13, 19 The dissociation cross sections for low v in 3 HeϩT 2 will have finite values at small ␥. hancement, i.e., at a fixed total energy E the cross section becomes larger with increasing v. Furthermore, the cross section for the highest state (vϭ14) is about 10 4 times as large as that for the ground state (vϭ0). Therefore, increasing the vibrational energy promotes the dissociation much more effectively than increasing the collision energy. Figure  7 also shows a larger increase for vϭ9 -14 than expected from the cross sections for vϭ0 -8 ͑shoulder structure͒. Evidently, the extra increase in the cross section for vտ9 comes from the contribution of ␥Ͻ50 deg.
C. Dissociation cross section
In Fig. 7 , we compare the classical trajectory ͑CT͒ calculation made by Dove and Raynor 24 although their potential energy surface was different from the present one. They provided a simple analytical fit of the dissociation cross section. All their results in Fig. 7 are estimated by using their analytical fit for Eϭ8 eV, and are shown for the initial states (v, j)ϭ͑9,0͒, ͑11,0͒, and ͑12,0͒, where j is an initial rotational quantum number of H 2 . We have a satisfactory agreement. In the present calculation, the origin of the shoulder structure in the cross section comes from the difference of the ␥-dependent cross section for lower and higher v. This picture is valid within the IOS approximation. Therefore, whether the shoulder structure is present or not in the CT calculation is very interesting. However, unfortunately no CT data are available for vр8 and jϭ0.
IV. CONCLUSION
The present work is probably the first IOS calculation of the direct CID process. Since the calculation is based on the direct numerical method but not on the L 2 basis expansion one, we can investigate the direct CID process. It is very encouraging to apply the present method to other systems composed of heavier molecules in which the IOS approximation works much better. Also the application to reactive systems is interesting.
In the IOS approximation, we can discuss the molecular orientation (␥) dependence of dissociation. In the HeϩH 2 system, the dissociation mechanism has the two modes of expansion and compression. The compression mode is important at smaller ␥, and the expansion mode is so at larger ␥. The two modes become ineffective for the dissociation at ␥ϳ50 deg. The effect of the multiple collisions is significant at smaller ␥ in the He-H-H mass combination. For this reason, the CID for low v occurs only at large ␥. Owing to the different molecular orientation dependence in the dissociation for lower and higher v, the dissociation cross section has a shoulder structure. It is worthwhile to confirm whether the structure will actually be present. 
